Aleppo pine (Pinus halepensis Mill.) is a pioneer species, highly competitive due to exceptional resistance to drought. To investigate the stress resistance in the first and second year of development, a steady-state drought experiment was implemented. Photosynthesis (A net ), stomatal conductance and transpiration (E) were measured on three different sampling dates together with phloem soluble sugars, amino acids and non-structural proteins. Needle ascorbic acid (AsA) and reactive oxygen species were measured to evaluate the seedlings' drought stress condition in the final sampling. Drought impaired A net and E by 35 and 31%, respectively, and increased AsA levels up to 10-fold, without significant impact on the phloem metabolites. Phloem sugars related to temperature fluctuations rather than soil moisture and did not relate closely to A net levels. Sugars and proteins decreased between the second and third sampling date by 56 and 61%, respectively, and the ratio of sugars to amino acids decreased between the first and third sampling by 81%, while A net and water-use efficiency (A net /E) decreased only in the older seedlings. Although gas exchange was higher in the older seedlings, ascorbic acid and phloem metabolites were higher in the younger seedlings. It was concluded that the drought stress responses depended significantly on developmental stage, and research on the physiology of Aleppo pine regeneration should focus more on temperature conditions and the duration of drought than its severity.
Introduction
Aleppo pine (Pinus halepensis Mill.) is a fast-growing tree species in the Mediterranean region of high ecological significance due to its pioneer species characteristics, exceptionally high drought tolerance (Atzmon et al. 2004 ) and plasticity (Baquedano et al. 2008) . Mature Aleppo pine stands are frequently destroyed through forest fires (Mitsopoulos and Dimitrakopoulos 2006) , but post-fire regeneration is fast because of intense seedling growth. Specific phenotypic traits contribute to the pioneer characteristics of Aleppo pine and its high drought tolerance, such as the morphology of its needles (Boddi et al. 2002) and the fact that it maximizes aboveground (height) growth instead of storage (Barbero et al. 1992 , Broncano et al. 1998 , Quezel 2000 , Sanz-Perez et al. 2009 ). Furthermore, it has an asymmetrical root system to reach unevenly distributed water and nutrient resources in deep soil layers (Ganatsas and Spanos 2007) , thus out-competing the co-existing vegetation. However, the ongoing climate change debate has raised some concerns about its regeneration capacity and nowadays there are considerations as to whether Aleppo pine is at risk in the region (Gerant et al. 1996) .
Aleppo pine follows a 'water-saving' strategy (Tognetti et al. 1997, Baquedano and Castillo 2006) , as it prevents damage by stomatal closure before strong changes occur in leaf water potential-a possible reason behind the very low stomatal conductance during the dry Mediterranean summer season (Elvira and Gimeno 1996) . As a consequence of stomatal closure, carbon (C) assimilation can be completely inhibited (Epron et al. 1992 , Schwanz et al. 1996 , Martinez-Ferri et al. 2000 , thereby increasing the risk of oxidative stress. However, Alonso et al. (2001) reported that Aleppo pine minimizes oxidative stress by decreasing the level of needle pigments; something that was previously seen as damage. Despite all this, drought remains a serious threat to Aleppo pine, particularly in its earliest developmental stages. There are two distinct phases of mortality for younger seedlings of Aleppo pine (Daskalakou and Thanos 2004) : The 'early establishment phase' (end of May), when mortality reaches 60%, and the 'drought stress phase' during their first summer, when mortality reaches 40%.
The impairment of photosynthetic C assimilation by stomatal closure under drought conditions (Loewenstein and Pallardy 1998 , Tardieu and Simonneau 1998 , Hubbard et al. 2001 , Reddy et al. 2004 ) affects the metabolic balance in plants (Pinheiro et al. 2011) . Soluble sugars are among the most drought-responsive metabolites increasing due to starch hydrolysis or impairment of starch production (Chaves and Oliveira 2004 , Souza et al. 2004 , Correia et al. 2006 , Rodriguez-Calcerrada et al. 2011 . In fact, soluble sugars correlate negatively to photosynthesis (Franck et al. 2006) . In drought-stressed plants, sugars have a flexible role and multiple functions as energy substrate, cellular osmolytes and signal molecules (Aranjuelo et al. 2011 , Rodriguez-Calcerrada et al. 2011 . Thus, the effect of drought on sugars cannot be readily described and depends on the species and the degree of stress experienced by the plant. Specific responses to drought also involve nitrogen (N)-containing compounds, e.g., amino compounds and proteins (Tamura et al. 2003 , Reddy et al. 2004 , Lambers et al. 2008 , Hu et al. 2012 . Drought leads to increase of non-structural (NS) proteins (Mayne et al. 1994 (Mayne et al. , 1996 , specifically induction of heat shock proteins and antioxidative/oxidizing enzymes, and even degradation of Rubisco (Costa et al. 1998) . The effect of drought on C and N compounds is usually examined in leaves and roots (Wellburn et al. 1996 , Sanz-Perez et al. 2009 ) but not in the phloem, something that would shed more light in the allocation of both C and N within the plant.
However, the response to drought comprises not only metabolic fluctuations, but also the upregulation of a well-organized network of antioxidants, such as ascorbic acid (AsA) (Buettner and Jurkiewicz 1996, Smirnoff 2000) . Ascorbic acid levels increase to detoxify reactive oxygen species (ROS) produced under deteriorated gas exchange conditions (Chaves and Oliveira 2004) . Along with other antioxidants and signal molecules, it mobilizes the metabolism towards detoxification, so that the plants face water limitations without significant oxidative damage (Noctor and Foyer 1998, Asada 1999) . Moreover, AsA has a multiple role in photosynthesis and cell division and it is a cofactor in abscisic acid (ABA) biosynthesis (Zhang 2013 ). Unfortunately, in many studies, the effect of drought on metabolites and antioxidants is not studied together.
The present research aimed at examining the effect of steadystate drought in a versatile investigation on Aleppo pine seedlings. Two early developmental stages (3-month-old vs 1-year-old seedlings) were used to investigate how the species strategy against drought is evolved from one developmental stage to the next in physiological terms. Gas exchange traits (net photosynthesis, A net ; stomatal conductance, g s ; transpiration, E) were compared with the concentration of a major antioxidant in the needles (AsA) under oxidative stress (ROS) and representative metabolites in the phloem (soluble sugars, amino acids and NS protein) to examine the physiological performance of seedlings under two soil moisture treatments over time. Water-use efficiency (WUE) is often misunderstood as a marker for drought resistance (Blum 2005) . Thus, WUE and, additionally, the ratio of sugars to amino acids were examined to determine their response to drought. Furthermore, the relation of C assimilation to C allocation was investigated. The hypotheses examined were: (i) lower gas exchange due to drought would be accompanied by increased AsA levels and phloem metabolites, particularly, in the older seedlings as time passed; and (ii) there is a negative correlation between photosynthesis and sugars, which would become more pronounced under drought conditions.
Materials and methods

Experimental site and design
The experiment took place outdoors in a privately owned field at the Forest Research Institute (FRI) in Vassilika, Thessaloniki, Greece (40°30′37.49″N, 23°04′48.93″O, 38 m above sea level) to create more realistic experimental conditions. The local meteorological conditions at the time of the experiment in July and August 2010 (mean values) were, respectively, precipitation 44 and 0 mm, temperature 25.7 and 27.9 °C and soil moisture 27.3 and 22.8% (v/v) . In the 5 years prior to the experiment, the mean annual precipitation was 507 mm and the respective temperature was 15.5 °C. The respective mean values for the summer months (June, July and August) during the same period was 43 mm and 25.4 °C.
The seedlings chosen for this experiment belonged to two developmental stages. At the time of the onset of the experiment, the younger seedlings were 3 months old with a mean height of 5 (±1) cm, whereas the older ones were 1 year old with a mean height of 18 (±2.5) cm. Sowing had taken place at a tree nursery in mid-April and the seedlings were brought to FRI 1 month later. All seedlings remained in the original plastic pots of the tree nursery (330 cm 3 ), which contained perlite, peat, compost and standard fertilizer. At the experimental site of FRI, no chemicals and no fertilizers were applied to the seedlings to avoid interference with the biochemical results.
The present research on the physiological response of Aleppo pine seedlings to drought differed from similar studies in numerous ways: steady-state drought was chosen over complete water deprivation to investigate the impact of a specific drought range, while being able to follow the progression of the treatments' effects and, thus, the impact of time. The duration of experiments was restricted by two necessities: younger seedlings should reach a manageable size and, at the same time, the approach of autumn and its unpredictable influenceshould be avoided. This experimental design was challenging, mainly because the reduced soil moisture should be intense enough to induce a response from the older seedlings without causing massive mortality to the younger ones, and still be comparable for the two developmental stages.
As a precaution to seedling mortality, a large amount of seedlings were made available for this experiment (300 seedlings for each developmental stage). Seedling losses during the early establishment phase and the early summer phase were relatively low (Daskalakou and Thanos 2004) , i.e., 40 and 20%, respectively. At FRI, all seedlings were kept at a similar distance to each other in an open space under mature pines, which functioned as a maternal stand. The seedlings were positioned not far from a greenhouse that would easily provide shelter for them in case of rain, however, no rain fell during the experiment and location of seedlings did not modify the light and soil moisture conditions. Careful watering with a garden hose ensured that the seedlings did not experience any drought stress prior to the beginning of separate treatments.
At the beginning of this experiment, younger and older seedlings were randomly assigned to two different soil moisture treatments. Seedlings under the drought treatment were irrigated at the same time as the seedlings of the control treatment. However, control seedlings were able to retain more water in their pots, as they were standing on shallow plastic trays. This ensured that control seedlings received a fixed amount of additional water over the respective droughted seedlings throughout the experiment.
Soil moisture
The experiment lasted 39 days, from July 13 to August 20, and this period will be referred to as days of experiment (DOEs). Volumetric soil moisture was determined in the morning at 9 am on 5 days per week, 1 h after irrigating, using a Theta Meter (Type HH1 ML2X; 'Delta-T' company, Cambridge, UK), at a depth of 6 cm in the pots.
The initial soil moisture on DOE 1 ranged between 23 and 27% ( Figure 1 ). After DOE 1, the soil moisture for the younger and the older seedlings decreased in the drought treatment and remained at lower levels than in the respective control treatment throughout the experiment (DOE 39), creating four experimental blocks: limited soil moisture (drought) and sufficient soil moisture (control) in the 3-month-old (younger) and the 1-year-old (older) seedlings. Seedlings under the drought treatment were not completely deprived of water, although 1-year-old droughted seedlings received even less water than the younger droughted seedlings. As a result, soil moisture in the drought treatment occasionally reached levels as low as 0.5% for the older seedlings (Figure 1 ).
Sampling
Three successive samplings took place on DOE 7, DOE 21 and DOE 39. On these days, the control treatment's soil moisture was 25 (±5)% for the younger and 23 (±9)% for the older seedlings, while in the drought treatment soil moisture was 10 (±1)% for the younger and 3 (±3)% for the older seedlings (Figure 1 ). To diminish diurnal metabolic variations, measures were conducted in a very narrow time window, because temperature and light intensity increased rapidly. On DOE 7, DOE 21 and DOE 39, temperature ranged from 29 to 30 °C for the control-younger seedlings and the droughted-younger seedlings; for control-older seedlings it ranged from 30 to 33 °C and for droughted older seedlings it ranged from 29 to 32 °C. Because of the fixed order of measures in the four experimental blocks, the older seedlings were always sampled last (before 10 am).
Owing to the destructive phloem exudation, different seedlings were sampled on each sampling date, so there were no repeated measures of gas exchange and biochemical compounds on the same seedlings. On each sampling date, new seedlings were randomly selected and each time four seedlings from each treatment and developmental stage were measured and then collected (on DOE 7, n = 3 for younger seedlings of the drought treatment and n = 3 for older seedlings of the drought treatment). On DOE 7, the sampled seedlings numbered 14, on DOE 21, 16 and on DOE 39, 16 seedlings; the total number of sampled seedlings for the whole experiment was 46. At the end of the experiment (DOE 39), current-year needles (500 mg) were sampled from the same 16 seedlings to determine total AsA and ROS. 
Gas exchange measurements
Measurements of A net , g s and E, as well as vapour pressure deficit (VPD), photosynthetically active radiation on top of plant (PARo), air and needle temperatures were conducted using a portable system for gas exchange measurements (LI-COR 6400, LICOR Biosciences Inc., Lincoln, NE, USA) equipped with a leaf chamber of 0.25-l capacity. The CO 2 level within the chamber was kept constant at 390 µmol mol −1 and the light intensity in the chamber was set to 1000 µmol m −2 s −1 , using the built-in light source (LI-6400-02B Redblue, LICOR Biosciences Inc.). The area of the needles in the chamber was the projected needle area and the whole chamber area was completely covered with needles without gaps in between. Water-use efficiency was calculated as the ratio of A net to E.
Phloem exudation
In all seedlings, phloem exudation took place at the lowest part of their stem. One hundred to 200 mg of bark from older seedlings was cut off with a clean razor without damaging the xylem, and incubated in Eppendorf vials containing 2 ml solution of EDTA (10 mM)-chloramphenicol (0.015 µM) at pH 7, for 5 h at 4-8 °C. Each bark piece was subsequently weighed for fresh weight (FW). The exudates were kept at −80 °C until analysis. The bark pieces of younger seedlings often did not exceed 10 mg FW. The phloem was separated from the xylem manually and the exudation was conducted in the respective analogy to the above-described, i.e., in 200 µl EDTA (10 mM)-chloramphenicol (0.015 µM) at pH 7, for 5 h at 4-8 °C.
Analysis of phloem exudates
Prior to each of the following laboratory analysis, exudates were centrifuged at 12,000 rpm and 4 °C. Total soluble sugars were determined according to Carrol et al. (1956) : Anthron reagent was prepared by adding slowly 72 ml of H 2 SO 4 (95%) to 28 ml distilled water and subsequently 50 mg Anthron and 1 g thiourea and diluted. Twenty microlitres of each exudate supernatant were transferred to 1 ml of Anthron reagent in 1.5 ml punched reaction vials and shortly vibrated before boiling for 15 min. After the samples had cooled, they were transferred into plastic cuvettes and measured spectrophotometrically at λ = 578 nm, simultaneously with external standards of known concentration of glucose.
Total NS protein was determined according to Bradford (1976) : 20 µl of each exudate supernatant was transferred into 1.5 ml reaction vials with 1 ml Bradford solution (A6932, AppliChem GmbH, Darmstadt, Germany). After the supernatants had been incubated with Bradford reagent for 10 min in the dark, they were transferred into plastic cuvettes and measured spectrophotometrically at λ = 595 nm, simultaneously with external standards of known concentration of bovine serum albumin.
Total amino acids were determined according to Lamothe and McCormick (1973) : the Ninhydrin reagent for analysis was a combination solution that consisted of two separate solutions mixed only minutes before use, in a relation of 1:1 volumetrically. The first one contained anhydrous citric acid (3.84% w/v), anhydrous SnCl 2 (0.134% w/v), 40 ml of 1 N NaOH and 60 ml distilled water at pH 5, and the second one consisted of Ninhydrin (4% w/v in ethylene glycol monomethyl ether). An aliquot of 50 µl of each exudate supernatant was mixed with 50 µl of the combination solution in punched 1.5 ml Eppendorf vials and boiled for 30 min. After the samples had cooled, 1 ml of 2-propanol in distilled water (1:1) was added and the mixture was vibrated. After 15 min at room temperature, the samples were transferred into plastic cuvettes and measured spectrophotometrically at λ = 570 nm, simultaneously with external standards of known concentration of glutamine.
Analysis of needle AsA
Total AsA was determined spectrophotometrically by the ascorbate oxidase (AO) assay according to Wevar-Oller et al. (2009) . A standard curve was built using known AsA concentrations in the range 0-100 µM. Needles (200 mg) macerated in liquid nitrogen were homogenized in 1 ml of an ice-cold solution containing 2% (w/v) metaphosphoric acid and 2 mM EDTA and then centrifuged at 4 °C for 30 min at 12,000 rpm. The supernatants were brought to pH 5.6 with 10% (w/v) sodium citrate. An aliquot of 0.1 ml extract was added to 0.14 ml of 120 mM sodium phosphate buffer (pH 7.5) supplemented with 20 mM 1,4-dithiothreitol and incubated for 20-30 min at room temperature. The initial absorbance of the treated sample was measured at λ = 265 nm in sodium phosphate buffer. A second measure after the addition of 1 U AO was conducted until no further change in absorbance was observed. Complete oxidation of AsA took <1 min. Total AsA was calculated as the difference in absorbance at 265 nm before and after the addition of AO.
Analysis of ROS in needles
In the present research, a novel extraction method was developed for ROS in needle material. Fifty milligrams of material ground in liquid N were vibrated in Eppendorf vials, which contained polyvinylpyrrolidone (PVP) (analogy to plant material 1:1) in 500 µl distilled water and remained the previous day at 4 °C. The vials were then centrifuged for 20 min at 4 °C. The supernatant was transferred to 2 ml Eppendorf vials and 100 µl of it was added to a quartz cuvette together with 20 µl of 3 mM luminol (in DMSO, Trevithick and Dzialoszynski 1994) and 580 µl distilled water. The samples were spectrophotometrically measured at λ = 425 nm, using 680 µl distilled water and 20 µl luminol as blank. The detection protocol for ROS (Michael et al. 2007) resulted in values of relative levels of ROS using the following equation: where e is the absorbance coefficient, d the length of absorption path (in cm), equals 1, and c is the luminol concentration (in M).
Owing to high reactivity of ROS in room temperature, free radicals would react with practically any agent. Also any biochemical compound from the tissue would immediately react with ROS. For this reason, distilled water at near-zero temperature was chosen to conserve ROS until measurement. PVP neutralized the phenols and the non-acidic pH prevented possible interactions of ROS with sulfhydryls or ascorbate. Luminol is commonly employed to detect peroxidase-or metal-ionmediated oxidative events (Vilim and Wilhelm 1989) and it is thought that the primary species being detected from it is hydrogen peroxide (H 2 O 2 ) (Caraceni et al. 1994 ).
The results of this method are reliable, and its effectiveness was first tested with leaves of dandelion (Taraxacum vulgare L.). After heating them at 56 °C for 60 s, the coefficient rose by 20% in comparison with its respective initial level. The advantage of this method is that small amounts of material are enough for a reliable evaluation of the oxidation state. The protocol is easy, not expensive and useful, when non-specific ROS are investigated in material that is already ground and ready for other biochemical protocols.
Statistical analysis
Statistical analysis was conducted with IBM ® SPSS ® Statistics 20.0. General linear model was used to evaluate the impact of soil moisture, developmental stage and sampling date on different physiological parameters. Standard transformation was applied when needed for normalizing variables; however, the ratio of sugars to amino acids remained non-normal, thus, generalized linear model was used. Results in figures are presented as mean values with standard error (SE).
Pearson's correlations (bivariate, two-way) were conducted to examine the potential relations between pairs of parameters. Multiple linear regression analysis was performed mainly for photosynthesis and soluble sugars as dependent variables to examine whether their variability could be significantly explained with statistical models using data from all 46 seedlings of the experiment. Environmental parameters (temperature, soil moisture, PARo) and other physiological parameters (gas exchange characteristics and phloem metabolites) were used as independent variables. To examine whether models were equally valid in both soil moisture treatments, regression analysis was repeated for each treatment separately. To examine whether models were equally valid on different DOEs, regression analysis was repeated for each DOE separately. To examine whether models were equally valid in both developmental stages, regression analysis was repeated for each developmental stage separately. To examine whether AsA and ROS could be included in-or predicted from-similar models, regression analysis was repeated using the data from DOE 39. The residuals' plots showed good fit of the models.
Results
Gas exchange
Analysis of gas exchange characteristics showed that different soil moisture had a significant impact on A net , g s and E (Figure 2 , Table 1 ), so that drought had a reducing effect on C assimilation and water loss, but not on WUE. The drought treatment had Figure 2 . Net photosynthesis, g s , E and WUE of younger (A) and older seedlings (B) under control treatment (black bars) and drought treatment (white bars) on DOE 7, 21 and 39. Statistical differences are shown in Table 1 ; scale bars are mean + SE; n = 3-4. similar impact on gas exchange on the different sampling dates and the two developmental stages. On the other hand, levels of A net , E and WUE were different on each sampling date (Figure 2 , Table 1 ). The value of E increased as time passed. However, the interaction of sampling date and developmental stage was significant for A net and WUE, so that the younger seedlings showed increased levels, while the older ones showed decreased levels as the experiment progressed. On each sampling, though, the younger seedlings had significantly lower levels of A net and E in comparison with the older seedlings, while g s and WUE were not different in the two developmental stages (Table 1) .
Ascorbic acid and ROS
Ascorbic acid was significantly influenced by both the drought treatment and the developmental stage. Specifically, AsA levels increased in response to drought, while the younger seedlings showed higher levels of AsA than the older ones under both treatments ( Figure 3, Table 1 ). Relative levels of ROS were not significantly affected by different soil moisture, despite a tendency to increase (23%) in the older droughted seedlings. There was no significant difference in oxidation levels between the two developmental stages either.
Phloem metabolites
Total soluble sugars, total amino acids, total NS proteins and the ratio of sugars to amino acids remained unaffected by the drought treatment (Figure 4 , Table 1 ). However, as the experiment progressed, the levels of amino acids tended to increase, while the rest became significantly lower (Table 1) . Sugars and proteins in the older seedlings simply decreased with time, while in the younger seedlings an initial accumulation preceded the eventual depletion. This interaction of sampling date and developmental stage was also significant for the ratio of sugars to amino acids and manifested with an impressive deterioration of the ratio in the older seedlings (Figure 4) . Developmental stage had the most pronounced effect and it was the only factor with significant impact on amino acids. The younger seedlings showed generally higher levels of metabolites in comparison with the older ones, while the ratio of sugars to amino acids was always higher in the older seedlings, mainly because amino acids were much lower in the older seedlings. The interaction of drought and developmental stage was significant only for the ratio of sugars to amino acids. In each developmental stage, the sort of drought impact was significantly different (P < 0.05), with the younger seedlings showing increased ratio under drought and the older showing a strong decrease of the ratio on DOE 7 (Figure 4 ).
Significant relations of physiological and environmental parameters
This study revealed interesting relations among parameters. Specifically, soil moisture correlated to A net (R = 0.311; P < 0.05; n = 46), while air temperature correlated to A net (R = 0.440; P < 0.01; n = 46) and to sugars (R = −0.652; P ≤ 0.00; n = 46). Amino acids correlated to sugars (R = 0.566; P ≤ 0.00; n = 46). Non-structural proteins correlated to A net , VPD and needle temperature, while on DOE 39 to g s and E ( Table 2 ). The correlation of ROS to AsA in the younger seedlings was quite high, although not significant (R = 0.658; P > 0.07; n = 7).
However, the primary focus was to examine the relation between C assimilation and sink soluble sugars. Although significant, the relation between A net and phloem sugars was not very strong (R = −0.311; P ≤ 0.00; n = 46). Regression analysis of data from the entire experiment showed that while A net was dependent more on g s levels, levels of phloem sugars were Aleppo pine seedlings under steady-state drought 1035 The significance of the interaction of sampling date and developmental stage is shown in the right-hand column. The interaction of watering and age was significant (P < 0.05) only for the ratio of sugars to amino acids. Table 1 ; scale bars are mean + SE; AsA, n = 15; ROS, n = 16. connected to phloem amino acids (Table 3A , n = 46). Moreover, needle temperature levels explained significantly the variability of both A net and phloem sugars. On the contrary, soil moisture was excluded from the models' coefficients. In both the control and the drought treatment, A net was primarily explained from g s levels, while sugar levels from needle temperature (Table 3A , n = 22-24). However, the variability of A net on each subsequent DOE was explained to a higher degree from E levels as the experiment progressed, while at least half of the variability of phloem sugar levels was explained from temperature throughout the experiment (Table 3A , n = 14-16). In the younger seedlings, A net was primarily dependent on E levels, while sugar levels depended on temperature. Respectively, in the older seedlings, levels of both A net and sugars were primarily dependent on g s (Table 3A , n = 23). Remarkably, in regression analysis, phloem NS protein was repeatedly among the significant coefficients of A net , while phloem amino acids were significant coefficients in models for phloem sugars (Table 3A) . On DOE 39, A net levels depended primarily on E, while sugar levels depended mainly on temperature. Variability of ascorbic acid could be significantly explained from more than one model. The regression model best explaining ascorbate variability included gas exchange characteristics. However, models with air temperature and soil moisture as coefficients, or ROS and phloem sugars, were also significant. An interesting model for ROS levels was also found with needle temperature and phloem amino acids as coefficients; however, it had marginal significance (Table 3B ).
Discussion
Significance of developmental stage in stress responses
Climatic change makes it imperative to understand the metabolic steps of plants towards tolerance and adaptation to the environment. The present study examines how plant survival is prolonged and what are the physiological changes associated with the response to drought in two developmental stages of pine. The investigation of the first developmental stage is particularly important for natural regeneration of the tree, so as to evaluate the challenges that natural populations in ecosystems are up against. The highly drought-tolerant Aleppo pine is an excellent model species for this type of research. A major part of the study focused on the C cycle without overlooking fundamental N compounds and the oxidative stress resistance of plants. The first hypothesis tested for the impact of steady-state drought on seedlings was that lower gas exchange due to drought (Hubbard et al. 2001 , Reddy et al. 2004 , Baquedano and Castillo 2006 would be accompanied by increased levels Figure 4 . Total soluble sugars, total amino acids, total NS proteins and the ratio of sugars to amino acids in the phloem exudates of younger (A) and older seedlings (B) under control treatment (black bars) and drought treatment (white bars) on DOE 7, 21 and 39. Statistical differences are shown in Table 1 ; scale bars are mean + SE; n = 3-4. of the antioxidant AsA (Mahan and Wanjura 2005 , Baquedano and Castillo 2006 , Sofo et al. 2010 ) and fundamental phloem metabolites (Mayne et al. 1996 , Reddy et al. 2004 , Hermans et al. 2006 , Lambers et al. 2008 , Niinemets 2010 , particularly in the older seedlings as time progressed. The findings of this study suggest that although the drought effects were generally the expected ones, the duration of steady-state drought was a more significant factor than the actual limitation in soil moisture. It would seem that what the imposition of drought did not achieve on each sampling date, it accomplished by the duration of the experiment, either because of the length of the hot period or because low soil moisture had a cumulative effect or both. However, the developmental stage of the seedlings had the most significant impact on gas exchange, the redox status and the phloem metabolites and affected the temporal pattern of the results. The younger seedlings showed stable levels of gas exchange and WUE with small antioxidative reaction. Their response to steady-state drought was limited to increases of sugars and amino acids, which could be attributed to starch (Krasensky and Jonak 2012) and Rubisco degradation (Costa et al. 1998) , respectively. The older seedlings, however, having started with higher gas exchange, did not degrade starch or protein, as seen in the phloem data. However, having reduced gas exchange, they showed striking antioxidative reaction. Thus, the first hypothesis was partially true in the older seedlings, because no major allocation fluctuations were observed. Although high levels of antioxidants have been connected to increased oxidative conditions (Alexou et al. 2007) , the results suggest that gas exchange reduction is linked to antioxidative response, which can be disproportional to the observed increase of ROS. This finding has significant implications for stress acclimation in this developmental stage.
Slowly developing drought or constant drought levels have been shown to increase photosynthetic acclimation (Hummel Aleppo pine seedlings under steady-state drought 1037 Table 3 . (A) Multiple linear regression analysis on data from the entire experiment (all) and data separated according to soil moisture treatment (control/drought), sampling date (sampling 1, 2, 3) , developmental stage (younger/older); (B) regression analysis on data exclusively from the final sampling date (DOE 39). Coefficients stand in the order of significance and signs in parenthesis (+/−) show their positive/negative sign in the model without the mathematical equations. =, equal significance of coefficients Sugars, total soluble sugars in phloem; nT, needle temperature; airT, air temperature; PARo, photosynthetically active radiation of top of plant; VPD, vapour pressure deficit. Sampling 1, DOE 7; sampling 2, DOE 21; sampling 3, DOE 39.
et al. 2010, Kim and van Iersel 2011) . However, acclimation to stress did not occur in older seedlings, since C assimilation and WUE were reduced in a time-dependent manner and the antioxidative response was dramatic. The 10-fold increase in the levels of AsA is in accordance with other studies (Urzica et al. 2012) . Accumulation of N compounds is also a stress response indicative of metabolic imbalances (Pinheiro et al. 2001 , Lawlor and Cornic 2002 , Hu et al. 2012 . In older seedlings, accumulation of amino acids was accompanied by decrease of NS proteins over time, which shows metabolic down-regulation of N assimilation (Gessler et al. 1998) . Therefore, apart from the observed reduction of C assimilation, an N assimilation reduction can be considered as well. This is strong indication that down-regulation of metabolism takes place. Metabolic down-regulation has been connected to drought tolerance in legumes of dessert ecosystems (Pnueli et al. 2002) . However, the dramatic increase of AsA is in contrast to the possibility of a metabolic downregulation. On the other hand, the findings of phloem metabolites in the younger seedlings showed a markedly different situation.
Since the seedlings' first target is to acquire large root mass to increase access to soil resources (Lambers et al. 2008) , increased availability of mobile C and N in the younger seedlings mirrored the metabolic support to developing roots. The accumulation and the subsequent depletion of sugars, amino acids and proteins in the phloem appear to have favoured root growth (Sharp et al. 1988 , Wardlaw 1990 , Geiger and Servaites 1991 . The short-term up-regulation of their metabolism (seen in A net , WUE, sugars) is perhaps part of their strategy for survival: rapid development, although it is short-term. The ratio of sugars to amino acids in the phloem has not been used before in similar studies. This simple ratio indicated that younger seedlings consumed preferably sugars, while older ones consumed amino acids. Thus, it is realistic to assume that xylem or cell wall formation was a priority for the younger seedlings, while protein formation and lateral development was a priority for the older seedlings. Interestingly, the ratio of sugars to amino acids was affected in an additional way compared with the rest of the parameters tested, because the significant interaction of developmental stage and drought showed that if there is a change in the sink's ratio of soluble C/N under drought, then the kind of change is restricted by the developmental stage (Körner 2006b ). Moreover, phloem sugars fluctuated more in the younger seedlings over time, while NS proteins fluctuated more in the older seedlings. The differential compound fluctuations also provide support for different mechanism(s) of adaptation in each developmental stage.
Intriguingly, what was common in both developmental stages was the relative depletion of sugars compared with amino acids as time progressed. It is probable that, while all seedlings were under prolonged exposure to summer conditions, more sugars were used for enhanced wood or cell wall formation in the older seedlings. The two developmental stages in the end acquired similar preference for sugars over amino acids, in a way that showed a higher flexibility of the metabolism of the older seedlings. However, the decrease of the ratio of sugars to amino acids could also be seen in the context of their accumulation of AsA levels, because glucose is a precursor of AsA (Linster and Clarke 2008) . Perhaps the striking decrease of the sugar to amino acid ratio in the metabolic sink mirrors the antioxidative capacity of plants in this species and developmental stage. I propose that a change in the ratio of sugars to amino acids in the phloem is a physiological marker towards tolerance and a meaningful predictor for adaptation at this developmental stage.
While lower gas exchange in younger seedlings can be attributed to ontogenetic restrictions or the biochemical efficiency in C assimilation (Calamassi et al. 1988 , Bond 2000 , Warren et al. 2003 , Millard et al. 2007 , the higher antioxidant contents of younger seedlings can be attributed to the survival efficiency of younger seedlings during natural regeneration, which occurs usually on post-fire ground of very acidic pH under excessive light (Calamassi et al. 2001 , Oliet et al. 2002 and can be undermined by pathogen attack (Meier et al. 2013) . At the cellular level, AsA is known to regulate cell division and its accumulation varies with developmental stage as young tissues are rapidly dividing while cell division progresses slowly in mature tissues. In transgenic plants, low amounts of AsA lead to growth retardation (Stevens et al. 2007 , Zhang 2013 . Thus, increased antioxidative contents may be inherent in the younger seedlings, because they support growth, adaptability and survival in the first critical months. The higher levels of antioxidants and metabolites in the younger seedlings should not be surprising. The physiology of the young seedlings is still influenced by the seed's storage contents and seedling establishment requires great energy input and C supply for biosynthesis (Dhibi et al. 2012) . The high amounts of lipids, in comparison with proteins and carbohydrates (Cheikh-Rouhou et al. 2006 ) and the high antioxidant contents of Aleppo pine seeds (Dhibi et al. 2012) , could be the reason behind the increased antioxidant and metabolic compounds in the younger seedlings and could also explain the pattern of sugars and amino acids as the experiment progressed, as well as the rather stable NS protein levels. However, having high antioxidant contents is different from having the capacity to increase the existent antioxidant contents. Perhaps, the increased levels of antioxidants found in the younger seedlings substitute for a lack of capacity to increase antioxidant levels. The weaker reaction of the ratio of sugars to amino acids in the younger seedlings could mean that their sinks are not 'mature' enough to support an antioxidant reaction such as the one observed in the older seedlings.
It becomes clear that mass mortality in young seedlings as a physiological process has not been well understood, mainly because of the paucity of studies investigating the survival strategy at this stage. The precocious exhaustion of the seed contents, which provide the initial boost to seedling growth, may result in permanent failure of root growth. Myers (2005) found that survival of very young seedlings in a neo-tropical forest under stress (low light or defoliation) was positively related to their NS carbohydrate pool size. The higher the pool sizenot the growth rate-the higher the chances of survival. So, the answer to the question why wasn't there a decrease in C assimilation and phloem NS protein in the more sensitive younger seedlings as the experiment progressed, perhaps lies in their high seed-derived AsA and sugar levels, which helped C assimilation and maintained stable NS protein levels. The older seedlings, though, having consumed their seed content supply, showed rapid deterioration of C assimilation, WUE and NS protein, which in turn induced the acute antioxidative response. This inevitably leads to questions about the relations of these parameters, particularly in a changing environment with smaller or larger fluctuations of soil moisture and temperature.
Indications of environmental signalling to seedlings' physiology
To better understand the impact of climatic change on plant adaptation, we must understand one of the most fundamental relations in plant growth: C assimilation to C allocation. The second hypothesis, that the negative relation of photosynthesis to phloem sugars would become more pronounced under stress, was not validated. Specifically, regression analysis findings suggested that soil moisture fluctuations were a secondary factor for the plants in comparison with temperature fluctuations. Indications that temperature, not soil moisture, had a high impact were stronger for C allocation than for C assimilation. The negative correlation of photosynthesis to sugars is in agreement with the findings of Peuke (2009); however, this relation was not as strong as expected and was not enhanced under stress, meaning that sugar levels could not be extrapolated from photosynthesis levels in either soil moisture treatments. A possible explanation may be that the levels of C assimilation and C allocation corresponded to temperature to a different degree. It is also possible that they corresponded to different parameters, photosynthesis to NS proteins and sugars to amino acids. This notion is in line with the findings by Sanz-Perez et al. (2009) that growth under drought stress is limited by processes other than the C source, and by Millard et al. (2007) that C limitation needs to be assessed in the context of the use of other resources by the tree. Furthermore, the statistical relations of phloem sugars to temperature rather than soil moisture and C assimilation point to temperature and tissue C demand controlling plant development (Körner 2006b ); perhaps, instead of photosynthesis controlling C allocation, it is the meristems and tissue C demand that are in control of photosynthesis (Körner 2003 (Körner , 2006a (Körner , 2006b ). Sinks may be more active than commonly thought (Sala et al. 2012) . In this regard, the correspondence of phloem NS proteins to gas exchange deserves more attention. Tissue control over photosynthesis is also supported by the statistical relation of A net to E becoming stronger on each subsequent sampling and the rather poor statistical association of A net to the actual soil moisture levels. This suggests that it is tissue water loss that drives A net , not water availability.
The weaker influence of soil moisture compared with developmental stage was also evident in regression analysis; under both soil moisture treatments, the respective models for sugars were similar. Contrastingly, closer relation of sugars to temperature in the younger seedlings can be explained by Körner's (2006a Körner's ( , 2006b ) view that sink activity and developmental constraints restrict growth, with temperature controlling plant development, because of the higher extend of meristematic tissue and indeterminate growth in the younger seedlings.
Regression models for AsA involved gas exchange characteristics, air temperature and soil moisture, in agreement with several studies (Chen and Gallie 2004 , Baquedano and Castillo 2006 , Sofo et al. 2010 , Gallie 2013 . Temperature had once more higher 'predictive power' on the antioxidative capacity of the seedlings than did soil moisture. The negative sign of temperature contradicts the view that AsA increases due to high temperature (Munné-Bosch and Peñuelas 2004, Gallie 2013) , suggesting that temperature peaks may be dealt differently by these plants. Perhaps, the range 29-33 °C is not extreme for this exceptionally drought-tolerant species. Still, the findings agree with Haberer et al. (2006) for Pinus sylvestris L. trees, although in that study the possibility of AsA being directly influenced by air temperature appeared unlikely.
Finally, the significant relation of AsA levels to phloem sugars and needle ROS suggests that this photoprotective antioxidant (Smirnoff 2000) , scavenging ABA-elicited H 2 O 2 (Zhang et al. 2001) , may also be related to C allocation, besides needle oxidation. Considering that AsA biochemically comes from glucose (Linster and Clarke 2008) , that H 2 O 2 is also a product of glucose oxidation (Orozco-Cárdenas et al. 2001) , that sugars are involved in stress signalling (Hanson and Smeekens 2009 , Bolouri-Moghaddam et al. 2010 , Smeekens et al. 2010 , Pinheiro et al. 2011 and that treatment with H 2 O 2 induces increases in total soluble sugars (Jiang et al. 2012) , it is realistic to assume that there is a mechanism by which induction of needle ROS enhances both needle AsA and sugar allocation/ availability. It is well known that H 2 O 2 acts as a secondary messenger for the activation of later-expressed defense genes (Orozco-Cárdenas et al. 2001) . This can also explain why the duration of experiments was more significant compared with limited soil moisture on each sampling date.
In summary, the findings suggest that environmental stress induces metabolic changes only if it persists for some time. The question that arises is: what is the minimum duration of environmental stress required to induce permanent adaptation? Perhaps, in fast-growing species, this period may be shorter. Although duration may be more important than the magnitude of stress, how fast climatic change occurs may affect certain species more and alter species dynamics in natural ecosystems. The relation of antioxidative response and sink C may be more closely connected, perhaps even involved in C assimilation. If achieving 'maturity' of the metabolic sinks is the ultimate goal of plants, we should not be talking about fast-growing, pioneer species having an ecological advantage, but of species of fast-building mature sinks, able to support a significant antioxidative response. These species may have a better chance to survive against the upcoming climatic change.
Conclusions
The present study showed that the duration of stress was more important than its severity and that developmental stage was the most essential factor in stress responses of Aleppo pine. The significant interaction of the duration of stress to developmental stage should be interpreted as age-restricted mechanisms behind the survival strategy. In seedlings of Aleppo pine, the ratio of NS sugars to amino acids was proved very sensitive to stress-induced physiological responses. Temperature may have played a more decisive role than soil moisture, particularly in the first developmental stage. The discrimination between the impact of water and temperature on plants deserves special attention in order to shed light on source-to-sink signalling mechanisms that link antioxidative capacity to metabolite allocation to plant sinks, by using molecular biology approaches to shed light on how regeneration of stress-tolerant species is regulated over time. If the metabolic sinks have an advanced role in plant growth or even in their antioxidative response, this can mean that the ultimate strategy of plants towards survival is the strategy of the 'mature sink'.
